PHYSICAL REVIEW B 68, 205213 (2003

First-principles study on structures and energetics of intrinsic vacancies in SrTiQ
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We have performed first-principles plane-wave pseudopotential calculations to study the electronic struc-
tures, structural optimization, and formation energies of intrinsic vacancies in bulk SrTi@ anion and
cation vacancy-induced levels appeared near the valence- and conduction-band edges in the band gap. The
formation energies of isolated vacancies with different charge states were obtained, and the defect reaction
energies, such as Sr partial Schotthysf ~ +V2"), Ti partial Schottky V%~ +2Vo2"), and full Schottky
(Vs? +V* +3V2h) were also evaluated. It was found that depending on the atomic chemical potentials,
the relative stability of the defect species or reactions is different. The overall trend of the stable defect
structures can explain the electrical conductivity of Sgrfar different chemical environments experimentally
observed.
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. INTRODUCTION for SrTiO;.2%72° Concerning the energetics of point defects
in SrTiO;, Astala et al. employed the plane-wave-based
Strontium titanate (SrTig) is often used for functional pseudopotential method to study the oxygen vacah@pey
electroceramic devices with a wide range of technologicatook account of various charge states\ef and found that
applications: =3 Pure SrTiQ is an electrical insulator with a the fully ionized state a¥o?>" has the smallest formation
wide band gap3.3 eV (Ref. 4] at room temperature. How- energy among them. However, they did not consider cation
ever, it is known that the electrical conductivity of SrEiO vacancies oV g, andVy . Thus it cannot be concluded which
ceramics varies with the dopant typ®Sr/Ti atomic ratio!  type of defect species or reactions is energetically favorable
and thermal treatment conditiofis'® For example, the elec- in SITiO;. In addition, as stated before, it is thought that
trical conductivity of donor-doped SrTiQexperimentally ~Stable defect species or reactions in Siid@@pend on the
measured can be divided into three regions, depending on tikPerimental environmentoxidizing or reducing atmo-
oxygen partial pressureP(, ). 19 At the low-Po, region, the sphere. Therefore, in order to undgrstand the_ rel_atlons_h|p
L 2 2 . between defect structures and electrical properties in S;TiO
conductivity is mostly controlled by the concentration of

oxygen vacancies, while by the donor concentration at th%efects in various chemical environments

intermediatePo, region. At the highePo, region, donors In this study, the first-principles calculations were carried
can be compensated by cation vacancies to decrease its cQjit to reveal the electronic and atomic structures of cation
ductivity. This indicates that the electrical properties of 3nq anion vacancies in SITIOBy using a rather large su-
SrTiO; due to intrinsic vacancies are very sensitive 0 thepercell, characteristic electronic states and formation ener-
electronic and chemical environments of the whole systemyjes of intrinsic vacancies were investigated in a first-
Therefore, it is necessary to understand the energetically fgsinciples manner. Considering possible defect reactions due
vorable defect species and reactions in SgTi@detail to g vacancies, the theoretically calculated reaction energies

control and analyze the electrical properties of SgTiO were compared with available experimental and computa-
So far, several researchers have studied to evaluate thgna results reported previously.

formation energies of intrinsic point defects in undoped
SrTiO;, **5 mainly using static lattice calculations with em-

it is important to theoretically reveal the energetics of point

pirical or semiempirical interatomic potentials. These studies Il. METHODOLOGY

showed that the Schottky-type defect reactiost” )

+V54 +3Ve2") has much smaller formation energy than A. Pseudopotentials and supercells

the Frenkel-type defects such as;?SeVg?™, Ti** In this study, first-principles plane-wave-based calcula-
+Vy*7, and @° + V2", Moreover, Akhtaret al'* found  tions within the local density approximatiofLDA) were
that the formation energy of a Sr partial Schottkysf~  performed using theasp code?'?? Kohn-Sham equations

+Vg2"t) is slightly smaller than that of the Schottky were solved self-consistently using an iterative matrix diago-
(Vs + V¥~ +3Ve?™), suggesting the experimental ten- nalization method based on a conjugate gradient
dency of Sr deficiency in SrTiQat a high temperature. Thus techniqué®?* For the exchange-correlation potential, the
the vacancies play an important role for the electrical propfunction of Ceperley and Alder as parametrized by Perdew
erties of SrTiQ. and Zunger was used:?®

In contrast, first-principles calculations, which are a more  Vanderbilt ultrasoft pseudopotentials were used to reduce
accurate computational technique, have been also performédde number of plane waves necessary to describe properties
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FIG. 1. Calculated total energies of perfect SrJiter unit cell
as a function of volumes, whekg, is the experimental volume. The Wave Vector
curved line was fitted to the Murnaghan equation of the SRed. FIG. 2. Calculated energy band structure for bulk SETiGhe
30).

VBM at Rwas set at 0 eV.

of material systems with a good accurdty®For O, 2% and s 1.49 eV, and the direct gap Btis 1.82 eV. Such a feature
2p* electrons were considered as valence electrons, whilef the band structure agrees well with the previous LDA
5s® electrons were treated as valence electrons in the Syalculations:®~® However, the predicted band gap is well
pseudopotential. The ultrasoft pseudopotential of Ti was gerbelow the experimental value of 3.3 eV. This differenc&jn
erated from the atomic configuration [pAr]3d34s!, where  could affect the formation energies of vacanciesyhich
the 3p® semicore electrons were explicitly considered as awill be discussed later.
part of the valence. Before going to supercell calculations for Based on the optimized structure of perfect SiiGhe
vacancies, test calculations were carried out by using thenit cell was repeated by>33X 3 in thex, y, andz direc-
ultrasoft pseudopotentials for perfect SrEiO(cubic, tions, and a cubic supercell containing 135 atoms was used
Pm3m). In the calculation, the 010X 10 k-point mesh  for vacancy calculations. To introduce an isolated vacancy of
generated by the Monkhorst-Pack schéh(@5 irreduciblek  Sr, Ti, and O, an interior atom was removed from the super-
pointy was used for numerical integrations over the Bril- cell. In order to take account of lattice relaxation around a
louin zone. vacancy, atoms within third nearest-neightidN) sites from
Figure 1 shows calculated results of the total energiesa vacancy were allowed to relax. Then atomic relaxation was
against unit-cell volumes for perfect SrTj@t a plane-wave performed until residual forces of relaxed atoms were less
cutoff energy E.,) of 395.7 eV. The optimized lattice con- than 0.1 eV/A. In the supercell calculations, numerical inte-
stant and the bulk modulus thus obtained are listed in Table grations over the Brillouin zone were performed only at the
Our LDA calculations reproduce well the experimentalI” point because of the large size of supercells. Efgvalue
dat&? (0.95% for the lattice constant and 5.46% for the bulkof the supercell calculations was selected at 395.7 eV. In
modulug, which are also in good agreement with theoreticalorder to confirm total-energy convergence with respect to
result$®32 previously reported. E.ut Values, supercell calculations of vacancies were also per-
Figure 2 shows the calculated band structure of perfectormed atE.,= 600 eV. Then the formation energies of va-
SrTiO;. The valence-band maximu@BM) composed of O cancies aE,=395.7 eV were found to converge within 0.1
2p orbitals is located at thR point, and the VB top aM is eV, so that the choice d&.,=395.7 eV is sufficient to dis-
also very close to the VBM aR. On the other hand, the cuss relative stability of vacancies in SrTi@ the present
conduction-band minimurCBM) composed of Ti 8 orbit-  studly.
als is atI’ point. The bottom of the CB aX is by 0.12 eV

higher than the CBM akf. The indirect gap betwedR andI’ B. Defect formation energies

The formation energies of vacancies in Srii®ere cal-
culated from total energies of the supercells, based on the
standard formalism by Zhang and Northrifg=or compound

TABLE |. Calculated lattice constant and bulk modulus of per-
fect SrTiQ; obtained from Fig. 1.

Lattice constantA) Bulk modulus(GP3 systems, formation engrgies of vg_cancies de_pend on_the
atomic chemical potentials. In addition, formation energies
This work 3.87 193 of charged defects also vary with the electron chemical
Experimental 3.905 183 potential—i.e., a Fermi energy. For a vacancy with a charge
LDA 3.8703.8¢° 194° 215 stateq, the formation energy is given by

%Reference 31.
bReference 16.
°Reference 32. —Nouotd(eg+Evem), (1)

E¢=Er(defectn) —Ngus— Ny
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whereE(defectn) is the total energy of the supercell con- Sr
taining a vacancy in a charge stafeHereNg,, Ny, andNg

are the number of Sr, Ti, and O atoms in the supergei},
M, andug are the atomic chemical potentials, angdis the
Fermi energy measured from the VBM. In the supercell cal-
culation for an isolated vacancy in SIHOEq. (1) can be
rewritten using a total energy of the perfect Srji€upercell
E;(perfect) as follows:

E¢=Er(defectq) —{Eq(perfec) — ngyg— Nyt — Nopof
+d(eg+Evem)- 2

Hereng,, Ny, andng are the numbers of Sr, Ti, and O atoms e
removed from the perfect supercell to introduce an isolated — Tj &= T e
vacancy. For each vacancy species, its charge gtadeying TiO Ti20s  TiO2
from neutral to fully ionized states was considered: from
—2 to 0 for a Sr vacancy\(g,), from —4 to O for a Ti

FIG. 3. Schematic phase diagram of the ternary system Sr-Ti-O.

vacancy V1), and from 0 to+2 for an O vacancy\(o)- £ pperfect_ pperfect
As can be seen in Eq2), Eygy should be determined 9~ —CBM VBM
from supercell calculations in order to o_b"tain the formation — {E(perfect— 1) — Eq(perfect:0}
energy of a charged vacancy. However, it is expected that the
calculatedE, g, value of the vacancy-containing supercell —{E+(perfect:0 — Eq(perfect:+ 1)}. (5)

differs from that of the defect-free superc&3This is due

to the fact that the vacancy causes significant distortion t
the band structure around the band gap. In such a case, it
necessary to determirtg, gy, of the defective supercell and

to line up band structures of the perfect and defective supe o - . .
cells. For this purpose, it was assumed that the potentials ihDA, but this dlfference A_Eg_ 1.64 eV)_ IS _con3|d_ered to
ffect the formation energies of vacancies in SETO For

the perfect supercell are similar to those far from a defect ift h h level bel he C
a defective supercell. Then the potentials at a number gf'Stance, when a vacancy has an extra level below the CBM,

atomic sites were averaged, and the difference in the ave vhich is composed of cation orbitals similar to the CBM, its
aged potentials\(,,) between the perfect and defective su- ormation energy will be under_estlmated. Th!s IS becaus_e the
percells was used to determifiggy of the defective super- EN€rdy position of the CBM in bulk SrTiQis underesti-

Jhe calculated band gap valig, was 1.66 eV, which is
q,about one-half of the experimental of®3 eV).* The result
that the theoretically calculated band gap is smaller than the
|e_xperimental value is a commonly observed feature of the

cell as follows3"-38 mated. This situation refers to the case of an oxygen vacancy
' in SrTiO;, which will be shown later. In such a case, it could
E. .., = EPerfect, | defect \ perfect 3 be assumed as a crude correction that the conduction band is
VBM VBM av av .

_ _ _ rigidly shifted upward to match the experimeng]. Then
The first term on the right-hand side of E@) can be ob- formation energies were corrected by adding a valuenof

tained by XAE4, wherem is the number of electrons at vacancy-
perfect induced levels irEy.% On the other hand, a formation en-
EVswm = Er(perfect:0 —Eq(perfect+1), (4)  ergy of a vacancy with an acceptorlike level above the VBM

where E;(perfectr) indicates the total energy of a perfect WasS not corrected by the difference Bf;. Since such an
supercell with the charge state acceptorlike level has anion-orbital character similar to the

In the supercell calculation of charged vacancies using/B: the formation energy cannot be assumed to be affected

periodic boundary conditions, Coulomb interactions betweer?Y the Eg error due to the LDA. . oo
the charged vacancies in neighboring repeated cells may oc- AS mentioned before, formation energies of vacancies in
cur depending on the size of supercé®® This spurious S 1105 @lso depend on chemical potentiglg (X=Sr, Ti,

interaction of charged vacancies is necessary to be correct&fd O- In the case of the ternary SrTiGsystem, theuy

in evaluating their formation energies. However, Asetial. values are det.ermlned frqm equmbm_Jm conditions of various

showed that the spurious interaction for oxygen vacancies iRN@Ses containing Sr, Ti, and O. Figure 3 shows the sche-

SITiO; had converged to be less than 0.065 eV, using the 40natic phase diagram of the ternary system Sr-Ti-O. Seven

and 135-atom supercefi Since the larger 135-atom super- POINts (A—G) indicated in the diagram correspond to the

cells were used throughout this study, it is expected that thi¥ertices of the three phase regions. It is noted that Sr-Ti

error is very small and does not significantly affect thePinary compciunds have not been so far found

present results. Thus the Coulomb correction was not used gxperimentally’ In the assumption that SrTiOis always

this study. stable, the chemical potentials of the three elements can vary
The Fermi leveler in Eq. (1) varies in the range of the N the following correlation:

band gap valueey. The band gap energy was calculated 3 6

from the total energies of the supercells as MesrT MTiT 90T KSrTiOg(bulk) » (6)
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TABLE II. Calculated and experimental enthalpies of formation
for the reference materials. The values in parentheses are calculated CBM
by the spin-unpolarized method. 33 e 33
V V 0.08 0..13
r i 0.21
Formation enthalpiegeV/atom S 264 ® K 1og
[} q a1
Expt2 Calc. : 10 084 o
o
SrO(Fm3m) -3.07 -3.16(—3.36 E S8,

TiOo(P4,/mmm) —-3.24 —3.48(—3.76 m %7 040 108
Ti,04(R3c) -3.15 —3.38(-3.63 onr Dga PR A
TiIO(Fm3m) -2.81 —-2.83(—3.09 00— 0.0

0 1- 2= 0 1- 2= 3 4 0 1+ 2+
aReference 42. VB

Where/-LSrTiO3(bulk) is a total energy per formula unit of per- FIG. 4. One-electron energy levels for three kinds of vacancies

fect SrTiO; crystal. At the pointA in the phase diagram of Vs, V1i, andVg in SrTiO; in various charge states. The positions
Fig. 3, for example, SrTiQis in the equilibrium with O and of the one-electron energy levels are given with respect to the VBM

in the cases oY g, andVy;, while those from the CBM in the case

S_rO. Thus theu, values are also constrained by the equay Vo. The VBM of the perfect supercell was set at 0 eV.
tions as shown below:

point A:  ps+ o= siabulk » (7) ~ energies. In order to check the errors, the spin-unpolarized
) ) calculations for the reference materials were also carried out.
Here 1o(pui corresponds to the chemical potential per atomit can be seen in Table Il that the spin-polarized calculations
of O, gas. From Eqs(6) and(7), the chemical potentials of give more comparable enthalpies of formation with experi-
the three elements at the poiitan be obtained. In a similar mentally obtained values. Therefore, spin-polarized results of
way, psr, uri, and po at the other equilibrium points of the reference materials were used in the present study to
B—G can be correlated by the following equations togetherfjetermine the atomic chemical potentials. In contrast, the

Moo= MO(bulk) -

with Eg. (6): spin polarization was not taken into account in the present
oint B: _ o e ®) vacancy-containing supercell calculations. For example, the
P © HOT HO(bulh s KTIT SO HTIO,(bulk - spin-polarized calculation was also performed for the Ti va-

cancy of V3, and the difference in the formation energy
from the spin-unpolarized calculation was found to be less
than 1.0 meV, which is much smaller than the errors of en-

point C:  wri+210= MTi0,(bulk) »

2 it 3o= MTi,04(bulk - (9 thalpies of formations as can be seen in Table II. In this
_ study, therefore, the spin polarization was not included in the
point D: 2,uTi+3,uo=,uTi203(bu|k), vacancy-containing supercell calculations.
prit o= HTio(bulk) » (10 IIl. RESULTS AND DISCUSSION
point E:  uri+ o= Mriobulky »  MTi= MTicbulky » (1D A. Atomic and electronic structures of isolated vacancies

Figure 4 shows one-electron energy levels around the
band gap for vacancy-containing supercells calculated at the
I" point. The number of electrons occupying these band-gap
13) states is also depicted. The VBM of perfect SrJi@as set at

0 eV. The VBM positions of defective supercells were deter-
In order to determine the atomic chemical potentials in themined by the procedure described in the previous section
above equilibrium states, total energies of the bulk systemgeq. (3)], where the VBM energies were corrected by the
of Srfcc), Ti(hcp, SrOFm3m), TiOy(P4,/mmn),  average potentials. In the case of cation vacancies §nd
Ti,O3(R3c), and TIOFm3m) were calculated. In the case V1), the positions of the band-gap states measured from the
of oxygen,uo(suk) Was obtained from the total energy of the VBM are displayed in this figure. In contrast, the energies of
0O, molecule using a cubic supercell X35x15A% and  the band-gap states fat, are measured from the CBM.
only theI point for k-point sampling. The calculated enthal-  As can be seen in Fig. 4, each vacancy induces the extra
pies of formation for the reference materials together withlevel in the band gap. In the case\é§;, the extra levels are
experimental ones are shown in Table Il. In this case, spinlocated near the VBM. In addition, the energetic levels be-
polarized calculations were performed. As stated abovegome larger with increasing negative charge states. A similar
since the vacancy formation energies depend on the atomfeature can be also seen fug;, although the tendency is
chemical potentials, the errors in the enthalpies of formationelatively large. Figures(®) and %b) indicate contour maps
for the reference materials due to spin-polarized andf squares of wave functions for the band-gap stateg<f
-unpolarized calculations also affect the vacancy formatiorand V1 on the {100, plane, respectively. These band-gap

point F:  uri= tribulky»  Msr= Msrbulk) » (12

point G:  us= Msrbulyr  Msrt o= Msrorbulk) -
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composed of Ti 8 orbitals as shown in Fig.(6). Thus this
comes from the CBM as a result ®, formation, andVg
forms a shallow donorlike state just below the CBM.

As mentioned above, the introduction of vacancies in-
duces extra levels in the band gap. In addition, the formation
of vacancies causes structural relaxations of the ions sur-
rounding the vacancies. The distances from each vacancy to
neighboring ions before and after relaxation are listed in
Table III.

For all vacancy species, the first NN ions were found to
exhibit outward relaxation by more than 3%, irrespective of
the charge states. Such outward relaxation can be understood
o & o & ¢ ® Sr from the situation that the neighboring ions of a vacancy are
) no longer attracted by the vacancy since chemical bonds be-
° A ° ® Ti tween the removed ion and surrounding ions are missing. In
o o e OO0 contrast, the second NN cations ¢§, and V; showed in-
ward relaxation by more than 2.1%. This is due to the fact
that electrostatic repulsions between second NN cations and
e the removed cation are reduced by the introduction of the

FIG. 5. Contour maps of wave functions of vacancy-inducedva(fnc'es' d h of h | . fth
levels of (a) VP, (b) V1%, and(c) Vo on the{100; plane of the S compared to the case Ms,, the relaxation of the

cubic perovskite structure. The contour lines are drawn from 0.005€c0nd NN cations arountly; are more sensitive to the
to 0.2 with an interval 0.01 in the unit of electrond/Ahe position ~ charge states df ;. When the negative charge statesVgf
of each vacancy is represented by increased, the second NN Sr ions exhibited more inward re-

laxations of more than 8%. This may be due to the higher-

states oV, andV+;® are mainly composed offorbitals of ~ charge states of; (up to —4) thanVg, (up to —2). Since the
O ions surrounding the vacancies, and thus these have raore charged vacancy can be considered to have electro-
similar feature of the VB. It is noted that the wave function static interactions with the surrounding ions at a longer dis-
for V4; is localized more at the vacancy site than thatMgy. tance, it is likely that the second NN Sr ions\¢f; exhibited
Due to the localized wave function by, it is likely that the ~ more inward relaxations toward the vacancy with increasing
electrons at the level suffer from more significant electronicnegative charge states 9f; .
repulsions around the vacancy site, as compared to those at In the case oW/, the second NN coordination shell con-
the extra level foNg,. In fact, Fig. 4 clearly shows that the tains both Sr and O ions at the same distance before relax-
energy positions folVy; with negative charges tend to be- ation. After relaxation, the second NN coordination shell
come higher than those ffg,. showed inward relaxation of about 6%. It is noted that the

In contrast, the band-gap states\gf are located close to ions in the third NN coordination shell did not undergo sig-
the CBM as can be seen in Fig. 4. This level is mainlynificant relaxations for all vacancies, indicating that the re-

TABLE IIl. Distances from a vacancy to neighboring ions before and after structural relaxations of the
supercells. Neighboring atomic species and their coordination numbers are also shown in brackets.

Distance(A) (atomic species coordination number

First NN Second NN Third NN

Sr (bulk SrTiG;) 2.73 (Ox12) 3.35 (Tix 8) 3.87 (SKx6)
Vg? 2.83 3.27 3.86
Vgt~ 2.83 3.28 3.86
Vg2~ 2.83 3.28 3.86

Ti (bulk SITiO;) 1.93 (OX6) 3.35 (SKx8) 3.87 (Tix6)
V40 2.01 3.16 3.85
Vyl™ 2.02 3.15 3.85
Vg2~ 2.02 3.14 3.84
(VA 2.02 3.11 3.84
Voit™ 2.03 3.07 3.84

O (bulk SrTiO;) 1.93 (Tix2) 2.73 (SKK4), 2.73 (0<8) 3.87 (OX6)
Vol 2.06 2.86 (Sk4), 2.56 (0<8) 3.93
Vot 2.06 2.86 (SK4), 2.56 (O<8) 3.86
V2t 2.06 2.86 (SK4), 2.56 (0<8) 3.86
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FIG. 7. Defect reaction energies and formation energies of iso-

FIG. 6. Vac_f?‘”c.y form_atlon energies as a function of the F_erm'lated neutral vacancies in SrTj@t each equilibrium point as indi-
level () at equilibrium pointA and(b) F. For each vacancy species, cated in Fig. 3

only the charge state that gives the lowest formation energy with

respect to the Fermi level is depicted. _ )
thanVg, andV+; over the entire range afy. Wheneg is at

laxation cutoff radius in this study is sufficient to describe E¢/2, which is the case of intrinsic SrTiO the respective
the structural properties of the vacancies. vacancies were found to be fully ionized. In such a case,
charge neutrality of the whole system in the vacancy forma-
tion should be taken into account. As possible defect reac-
tions due to the charged vacancies in Sglii@he following
According to Eq.(2), the formation energies of isolated reactions can be consideredvVs?™ +Vo2" (Sr partial
vacancies in SrTi@were evaluated from the supercell cal- Schottky reactioy V1*~ +2Vo? " (Ti partial Schottky reac-
culations. As stated in the phase diagram in Fig. 3, the sevefion), and Vg2~ + V4%~ +3Vo2" (full Schottky reaction
equilibrium points were considered in this study. As typicalThese reaction energies can be obtained from the formation
examples, the formation energies of vacancies againstt  energies of the isolated vacancies, as shown in Fig. 6. It is
pointsA andF are shown in Figs. (@) and &b), respectively. noted here that the above Schottky-reaction energies are in-
Since the @ gas phase is in equilibrium with SrTiCand  dependent ok, since the whole system of SrTjGnain-
SrO atA, point A should correspond to the oxidation condi- tains charge neutrality even after the reactions.

B. Formation energies

tion. On the other hand, SrTiQs equilibrated with metallic Considering the phase equilibrium conditions in Fig. 3,

Sr and Ti at pointF, and therefore, poink is the reduction  the defect-reaction energies at each point are plotted in Fig.

condition. 7, together with the formation energies of isolated neutral
According to Fig. 6, the formation energies 6§, V1,  vacancies. As can be seen, the reaction energies vary with the

andV depend oreg. At point A [Fig. 6@], the fully ion-  equilibrium conditions. However, the full Schottky reaction
ized charge states afs?~, Vi;*~, andV?" are stable ina  energy ofVg? + V4~ +3Vo2" was 2.61 eV, irrespective
wide range ofsg aroundEy/2. In addition,Vs, andVy show  of the equilibrium conditions. This is because the whole sys-
smaller formation energies thafy . It should be noted here tem of SrTiQ is still stoichiometric even after the full
that the formation energy of>* becomes smaller thais,  Schottky formation. This reaction energy of 2.61 eV agrees
andVy wheneg is located close to the VBM, which corre- well with the value obtained by Crawforet al. using static
sponds to th@-type environment. Since the oxygen vacancylattice calculations based on ionic pair potentidlds com-
is a shallow donor-type defect as shown in Fig. 4, that woulchared to this, the Sr partial Schottky reaction B2~
compensat&/s,, Vy;, or impurities having acceptorlike lev- +V 2" exhibited smaller energies for all equilibrium condi-
els in the band gapsee Fig. 4 This indicates the difficulty tions, while the Ti partial Schottky reaction showed larger
of producingp-type SrTiQ; semiconductors, which was ex- energies. The average value of the Sr partial Schottky reac-
perimentally suggested so f&r** tion energy over the all equilibrium conditiori$.97 eV} is

As for point F [Fig. 6(b)], the formation energies dfs,  in good agreement with the experimental value 2.5 eV re-
andVv; are further increased, as compared to Fig),6vhile  ported by Moos and Hdtl'° and the theoretical one 1.53 eV
that of Vg is decreased. As a resul, formation is easier obtained by Akhtaet al1*
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Vacancies in the Schottky reactions have a possibility oklectrical conductivity of SrTi@ undergoes a minimum
forming a pair due to the electrostatic and elastic interactiongalue under the intermediat%oz condition.

between the vacancies. In order to estimate the effect of the The increase in electrical conductivity of undoped SETiO

defect association on the reaction energy, the supercell calmger highP,_, which was experimentally observéljs
culation for the Sr partial Schottky pair was performed. As'expected to bze due to the formation W&°. The present
r-

suming thatV's; and Vo, are located at the nearest-neighbor g5 in Fig. 7 showed that the Sr partial Schottky pairs are
sites, _the surrounding ions in th(_e supercell were allowed t%asily formed at the oxidation conditions of poirtsand B,
relax in the same manner described in the S_ec. ITA. 1t Wagyhile V¢ can also be present due to its relatively small
found that the reaction energy of the associated Sr partighrmation energy. As mentioned above, the Sr partial reac-
Schottky pair was lowered by 0.35 eV, as compared to thgjon itself cannot increase the electrical conductivity because
results in Fig. 7, which indicates the formation of ¥g-Vo  of the self-compensation, and yet neutral Sr vacancies having
pair. A similar decrease in the formation energies for theacceptorlike levelgsee Fig. 4 can inducep-type conductiv-
other Schottky reactions can be anticipated, so that the relaty. In this respect, it was suggested that Sr vacancies were
tive stability of the reactions is expected to be consistenpredominant in SrTiQ under the oxidizing conditions in the
with the results described above. previous experiments, where the Ruddlesden-Popper phase
As can be seen from Fig. 7, neutral vacanciesvgf,  SrO*(SrTiO;), or SrQ, enrichment acting as a source\t§;
V10, and V? also vary their formation energies with the was observe®*1t is noted, however, that the experimental
equilibrium conditions. In the case ¥f°, its formation en- ~ p-type conductivity under higtPo, was much smaller than
ergy was found to be relatively high, as compared to otherghe n-type conductivity under I0\/\P02,10 corresponding to

Since the Ti partial reaction also has a large formation enghe difficulty in thep-type conduction of SrTiQ. In order to
ergy, it is thought that Ti vacancies are hard to be formed imake a quantitative comparison between theory and the ob-
SITiO,. In contrast, the formation energy Wk at pointA  served conductivities in real SrTiQit is necessary to esti-
was as large as that of the full Schottky reaction, and at pointhate equilibrium concentrations of the vacancies providing
B, Vg exhibited the smallest formation energy. From phasecharge carriers and the carrier mobility, which is, however,
diagram of Fig. 2, point& andB correspond to the oxidation beyond the scope of this studly.
conditions (wo=moui), and it can be thus said that Sr  As shown above, it was found that the present results
vacancies are easily formed under oxidation atmosphere. Frovide a reasonable description of stable defect species and
Vo, its formation energy decreased in going fréto G. At reactions in SrTiQ depending on the atomic chemical poten-
pointsF and G, V° showed the smallest formation energy. tials, which can explain well the experimental trend in the
This can be imaged from the general situation that oxygemlectrical conductivity of SrTi@ over a wide range of oxy-
vacancies are more easily formed under the reduction atma@en partial pressure. It is also known that macroscopic prop-
sphere than cation vacancies. erties of functional ceramics strongly depend on surfaces,
A number of researchers experimentally reported the begrain boundaries, and interfaces. For example, grain bound-
havior of the electrical conductivity of SrTgOover a wide  aries can act as a sink or a source of point defects, which is
range of oxygen partial pressurBq, ). At low Pg, un-  explained by the space charge thetiy’° Due to the par-
doped SrTiQ showedn-type conductivity, and the electrical ticular chgmical environment at g_rain boundaries, sta.ble de-
conductivity decreased with increasiRy, . After passing fect species present at the vicinity of grain boundaries are

through a minimum, the electrical conductivity of unolOpedexpected to differ from those in bulk, resulting in peculiar

SITIO, increased again with risingo,. From the results in characteristic properties of functional ceramics. In such
Fa 7t round that ral Oy ies\ef cases, the first-principles approach using large supercells can
ig. 7, it was found that neutral oxygen vacancies

: . also provide detailed information on the defect chemistry,
ha\ée the smallest formation energy at poiRtandG, so that \yhich contributes to further understanding of various prop-
Vo~ defects are abundant under the small oxygen chemic@ ties in ceramic materials.
potential, since th&/ " defect has a shallow donorlike level
in the band gajsee Fig. 4 that can contribute to the-type
conductivity. A number of researchers also experimentally IV. SUMMARY

6-11 H H
suggested the abundance\tf under lowPo,,” " which is In order to reveal the energetically favorable defect types

consistent with our results. and reactions in SrTi§) electronic structures and formation

In contrast, it can be seen from Fig. 7 that the Sr partiaknergies of intrinsic vacancies in bulk Srgi@ere investi-
Schottky reaction is energetically favorable from poiBt®  gated using first-principles pseudopotential calculations. The
E, which likely correspond to intermediak,, conditions in  results obtained in this study can be summarized as follows.
the experiment. As shown in Fig. ¥g, can act as an accep- (1) In the presence of vacanciegd;, Vy;, andVy), extra
torlike defect, whileV is a donorlike defect. As a result of levels appeared near the VBM or CBM in the band gap of
the Sr partial Schottky reaction, however, the self-SrTiO;. The vacancy-induced level dg was found to have
compensation betweér, andV takes place, so that the Sr a shallow donor-type character, which is composed of sur-
partial Schottky pairs no longer contribute to increase in therounding Ti 3 orbitals. This indicates that the even undoped
electrical conductivity of SrTi@. It is considered that this SrTiO; can become an-type semiconductor by introducing
situation corresponds to the experimental results where th€g.
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(2) Based on the formation energies of individual vacan-condition, while it is the Sr partial Schottky reaction\6g,

cies, the formation energies of full Schottky, Sr partial

at the oxidation condition. These neutral vacancies can con-

Schottky, and Ti partial Schottky reactions, which maintaintribute to n-type and p-type conductivities, respectively,
charge neutrality of SrTig) were evaluated. It was found which is in good agreement with the tendencies obtained
that the calculated formation energy of Sr partial Schottkyfrom conductivity measurements of Srg@s a function of

reactions was lower than that of the other defect reaction ang .
agreed well with the previous experimental and theoretical

results.
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